This is a new electrochemical method for determination of lipase activity in biological fluids, including serum, plasma, and duodenal juice. Advantages of turbidimetric methodsshort reaction time, and small sample and reagent volumes-are combined with those of titrimetric methods: measurement of absolute activity (i.e., no standardization required), saturated substrate conditions, and direct measurement of reaction products. The proposed method is easy, inexpensive, and takes only 3 mm. Precision is good: CV = 3.74% within day and 7.3% between days at the clinicaldecision concentration, CV = 1.86% within day and 4.65% between days for above-normal lipase activities. 
long analysis time, nonspecificity of some of the substrates used, and difficulties related to use of an emulsified substrate. Among the different methods developed to overcome these problems, most are modifications of the Cherry-Crandall procedure (4), in which fatty acids released from an olive oil emulsion are titrated, either with use of an indicator (5-7 ) or electrometrically (8) . These methods are time consuming, having incubation times from 1 to 24 h, and therefore not suitable for emergency determinations. A better method is the kinetic determination of lipase by use of a pH-stat apparatus (9, 10) . Turbidimetric and nephelometric methods (11) (12) (13) are used in routine determinations because of their rapidity; however, because of instrumental limitations, the substrate concentrations used are far below the Km value of the reaction, making standardization of the procedure less reliable. Several colonmetric techniques have also been proposed, based either on determination of the released fatty acids as copper soaps (14) or on cleavage of some synthetic substrate to yield a colored compound (15, 16) . The former is very complicated; the others are nonspecific and require inhibition of the esterase activity. Methods involving fluorescent substrates (17) also suffer from low substrate specificity. Recently, a procedure involving lipoxygenase has been proposed, involving (20) , seems to combine the following advantages of photometric and titrimetric methods: substrate under optimal conditions, short measurement time, low reagent cost, and simple instrumentation.
In the experiments we report here, we used an olive oil emulsion in the reaction mixture, at a concentration sufficient to saturate the enzyme. This provided linear reaction kinetics after a short lag phase, typically about 30 s. Because of the high sensitivity of the differential pH methodology, measurement time can be shortened to about 1 mm, thus providing a rapid and accurate method that is also suitable for emergency determinations.
Materials and Methods

Apparatus
The apparatus used is the same as we previously described (20) , except that it has been thermostated at 30 #{176}C and its differential amplifier has been connected to a potentiometric recorder to monitor the progress of the reaction. 
Stock olive oil emulsion.
To remove any free fatty acids from olive oil, add 20 g of neutral alumina (aluminum oxide, 90% active, neutral; Merck art. 1077) to 200 mL of commercial olive oil and stir for 20 mm with a magnetic stirrer. Allow the alumina to settle, decant the oil, and repeat the treatment with fresh alumina two times; centrifuge to completely remove the alumina (14) . Stored at -20 #{176}C, the purified oil remains stable for several months.
Into a 50-mL glass beaker weigh 4 g of purified oil and 16 g of acacia solution. Sonicate 10 times for about 1 s each time at full power (we used a Soniprep 150 MSE sonicator, from Cellai SRL Struinentazione Scientifica, 20134 Milano, Italy), which will produce a whitish emulsion with some large oil drops on the surface. Place this emulsion in 5-mL glass vials and sonicate each one three times for 10 s each; avoid heating the emulsion.
As verified with a particle analyzer (Coulter S Plus), the size distribution of the emulsion droplets remained constant during seven months of storage at 4 #{176}C. However, the total number of particles in the range 9.1-9.3. This emulsion isstableforthree days at 4#{176}C.
Working triolein emulsion.
Into a 50-mL glass beaker weigh 4 g of triolein (glycerin-trioleat, Fluka cat. no. 92859) and 16 g of acacia solution. Sonicate and titrate as for the olive oil emulsion.
Working buffer. Prepare a solution containing 10 mmol of glycine, 100 mmol of NaC1, and 1 g of NaN3 per liter and titrate to pH 9.2 with 1 mol/L NaOH. Kept in air-tight bottles to avoid absorbing C02, which would lower the pH, the solution should be stable for longer than one month at room temperature.
Turbidimetric method.
For comparison, we also determined lipase with the "Monotest 10 Lipase" kit (Boehringer 
Differential pH Procedure
Start up. Switch on the instrument each morning and fill it with about 200 mL of fresh buffer. After two to five blank cycles, a drift < 0.0003 pH/mm will ordinarily be observed, and measurements can begin.
Reagent blank measurement.
Add 75 p.L of emulsion to the buffer; this generates a drift of about 10 iO pH units/mm.
We decreased this drift to about 5. i0 pH units/mm by adding 50 L of heat-inactivated (1 h at 56#{176}C) pooled serum to the reaction mixture. Thus, to measure lipase activity in a reagent blank, add a sample of inactivated serum at the beginning of each analytical series and use the measured drift as the blank drift. Correct all measurements of patients' sera for blank drift.
Typical measurement. 
Cakulation.
Lipase activity is expressed as micromoles of free fatty acids released per minute. At pH 9.2 all the fatty acids produced are fully dissociated (21, 23) 20) :
where /3 is the buffer power, as determined from the pH change produced by adding 50 /LLof 0.1 molIL HC1 to 10 mL of buffer. The lipase activity of a serum sample is computed as follows:
where d is the dilution ratio. Combining equations 1 and 2 yields:
For example, when a 50-L sample is injected in the mixer, diluted 15-fold (final volume 0.75 mL), and gives a pHJmin of 0.0180 with a buffer power of 4060 moL1L, the lipase activity is calculated as follows:
The effect of adding the emulsion can be ignored because the increased dilution of the sample is compensated by the corresponding decrease of buffer power. The emulsion itself has negligible buffering power.
Results and Discussion
Effect of bile salts and colipase. In our method we have avoided the use of both bile salts and colipase for the following reasons. The effect of bile salts in the absence of colipase is strongly concentration dependent (10, 11, 22, (24) (25) (26) . Thus they might have a little activating effect at low concentrations but at slightly higher concentrations intensely inhibit lipase activity. Moreover, there are large differences among the various kinds of bile salts (22) (23) (24) , and an acidic shift of pH optimum in the presence of bile salts, with and without colipase, has also been reported (24, 29) . In the absence of colipase, the only advantage in using bile salts should be a linearization of the kinetics involved (2, 10, 22, 24, 30, 31) by preventing interfacial denaturation. However, albumin has the same protective effect (30) , and under our assay conditions we have always obtained linear kinetics. The action of colipase in the absence of bile salts is uncertain: several investigators (24, 31, 32) have reported an activating effect, ranging from 30 to 80%; others (25) observed no effect. The ability of colipase to counteract inhibition by bile salts is well known (20, 25, 26, (31) (32) (33) ; it seems to act by restoring lipase interfacial adsorption onto oil micelles (28, 29, 33) .
When coupled to bile salts, colipase appears to shorten the lag phase and improve the linearity of the reaction kinetics (28, 32) . Therefore, colipase should be used only with bile salts. Our assay conditions, in which linear kinetics and a short lag phase are obtained without including these components, thus produce a procedure that is less expensive and in which any variability that would be 3 caused by bile salts is eliminated.
Effect of cations. With preparation of pure lipase and reaction mixtures containing bile salts, many effects ofCa2 on lipase activity have been observed: linearization of the kinetics (22) , elimination of lag phase and acidic shift of the pH optimum due to bile salts (27) , and strong activation of the lipase hydrolytic activity (21, 34) . This activating effect seems to be due to a lipase-Ca2 binding that facilitates the adsorption of lipase onto lipid micelles. However, in systems without bile salts and with serum lipase samples, no effect of Ca2 was observed (5, 6, 10) . We checked the Ca2 effect by adding to the working buffer CaCl2 in increasing final concentrations (0.2 to 100 mmol/L), and noted only a very small activation effect (about 10% increase in lipase activity for a 500-fold difference in Ca2 concentration).
Including
Mg2 at the same concentrations inhibited lipase activity by as much as 20% when Mg2 exceeded 10 mmol/L.
The appropriate concentration of NaC1 is very important for complete ionization of the free fatty acids released (22), but NaC1 seems also to act directly on lipase activity when bile salts are present (24, 35) ; lipase activation was maximal when NaC1 was 100 mmol/L, but with a little change between 50 and 200 mniol/L. KC1 added in various concentration to the working buffer increased lipase activity only slightly, but when used instead of NaCl in the working buffer it decreased the lipase activity by about 35%.
Buffer and pH optimum. We used a glycine buffer because Tris buffer with the same pH and buffer power inhibited lipase activity by about 50%. We found a broad pH optimum curve, with a maximum at pH 9.2, which does not significantly differ from the maxima reported by Tietz and Fiereck (8), pH 8.8; Rick (9), pH 8.6; and Hockeborn and Rick (19) , pH 8.5-9.0.
Effect of different substrates
and substrate concentration.
Increasing quantities of the working olive oil emulsion were added to the mixing chamber of the apparatus and the initial rate of the reaction was plotted as a function of the added volume ( Figure 2 ). We used olive oil because it is less expensive than triolein and is analytically as useful (10, 19) . In fact, we observed a good correlation (r = 0.997) between serum lipase activity as determined with olive oil (y) or triolein (x) as substrate (y = 0.9858x -24; n = 14). We preferred to use an emulsion volume of 75 /.LL and a sample volume of 50 pL to measure maximum lipase activity in sera or in duodenal juice diluted with inactivated
sera.
Under these conditions the enzymic reaction shows a prolonged linear phase, even with sera having high lipase
activities.
Collection, treatment, and stability of sample. Sample dilution is a critical step in lipase determination (33) . In our assay conditions, diluting sera with isotonic saline caused significant loss of activity, with high dilutions almost completely inactivating samples of pancreatic or duodenal juices. Adding bovine serum albumin to the buffer partly prevents this loss. We also observed a marked decrease in enzyme stability when the protein content of the medium was low. We recommend diluting high-activity serum and Between-day variation was determined by analyzing aliquota of the same sample on 12 consecutive days. For a serum with slightly above-normal lipase activity, the mean was 296 U/L (range 258 to 342 U/L, SD 20.87 UIL, and CV 7.3%). For a serum with greater activity, the mean was 989 UIL (range 931 to 1039 U/L, SD 46.04 UIL, and CV 4.65%).
We checked the linearity of the dilution curve by assaying dilutions of serum from a patient with pancreatitis with a normal serum (Figure 3) . The curve was linear up to at least the 4500 UIL, the activity of the undiluted serum from the pancreatitis patient.
Specificity.
Measurements performed on eight serum samples with activities from 300 to 2500 UIL, before and after heating for 1 h at 56#{176}C to inactivate the pancreatic thermolabile lipase (9) , showed complete parallelism of results by both methods and support the specificity of our method.
Comparison with the turbidimetric procedure.
We assayed 35 (6, 10, 11, 36) , showed a non-gaussian distribution of serum lipase activity (Figure 4) . We therefore suggest that 130 U/L at 30#{176}C may be a clinically useful upper limit for the normal reference interval. 
